We report on radical polarization and optically-driven liquid DNP using nitroxide radicals functionalized by photoexcitable fullerene derivatives. Pulse laser excitation of the fullerene moiety leads to transient nitroxide radical polarization that is one order of magnitude larger than that at the Boltzmann equilibrium. The life time of the radical polarization increases with the size of the fullerene derivative and is correlated with the electronic spin-lattice relaxation time T 1e . Overhauser NMR signal enhancements of toluene solvent protons were observed under steady-state illumination, which replaced microwave irradiation.
Introduction
Dynamic nuclear polarization (DNP) is a rapidly developing method to enhance the sensitivity of nuclear-magnetic resonance (NMR) techniques. 1 The method transfers spin polarization from electrons to coupled nuclear spins by microwave (MW) irradiation. To achieve this, polarizer molecules -usually nitroxide radicalsare mixed in solution with the target molecules, from which the NMR spectrum is recorded. For electron spins in thermal equilibrium prior to MW pumping, NMR signal enhancements up to 3 orders of magnitude have been reported, 2 with a theoretical limit determined by the gyromagnetic ratios g of electrons and nuclear spins (for 1 H: |g e |/g H = 658). DNP in liquids is based on electron-nuclear cross relaxation, the so-called Overhauser effect, and the NMR signal enhancement e is well described by the following equation: [3] [4] [5] e = 1 À s eff ÁfÁxÁ|g e |/g I (1) where g I is the nuclear gyromagnetic ratio involved, and s eff , f and x are the so-called saturation, leakage and coupling factors, respectively. The maximal value of x is +0.5 for pure dipolar and À1 for pure scalar relaxation; f can reach unity at high radical concentrations (tens of mM). The effective saturation factor of the polarizer describes the deviation of electron spin polarization hS Z i from Boltzmann equilibrium S 0 , i.e. s eff = (S 0 À hS Z i)/S 0 , and accounts for contribution of all hyperfine lines. 6 In standard DNP, this deviation is achieved by saturating the EPR line with on-resonant MW irradiation, i.e. s eff -1 for hS Z i -0. On the other hand, a saturation factor |s eff | 4 1 can be in principle achieved if the electron spin system is driven above thermal equilibrium, for instance, by optical excitation. Replacement of MW with optical irradiation could potentially alleviate issues of MW absorption in liquids, particularly at high MW frequencies. 7 Optically-driven DNP (ODNP) has been demonstrated in the solid state, where 1 H enhancements 410 4 have been observed using photo-excited triplet states of aromatic molecules. [8] [9] [10] However, the polarization of triplet states is orientation dependent and is reduced by fast molecular rotation. 11 On the other hand, triplet states in solution can polarize nearby radicals. 12 Indeed, nitroxide radicals can be optically polarized if mixed 13 with or covalently linked to dyes. 14, 15 Recently, ODNP was reported in solution using a mixture of Rose-Bengal and TEMPO. 16 In a radical/dye mixture the mechanisms of both radical polarization and Overhauser DNP are dependent on the correlation times of molecular motion. We propose here a different approach, for which the radical is chemically linked to the dye at a fixed distance. In this case, the mechanism of radical polarization depends on the radical-triplet exchange interaction dictated by the linker. 17 Recently, we have reported a series of functionalized nitroxides composed of a fullerene (C 60 ) moiety, a pyrrolidine linkage and a TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) radical (Scheme 1A) as new potential polarizers for liquid DNP. 18 In addition, side chains were introduced into the fullerene cage to increase their rotational and diffusional correlation time as well as solubility in water. 19 The compounds revealed an improved saturation factor for MW-driven DNP while the coupling factor in toluene was found to be comparable to that of the common polarizer TEMPONE (4-oxo-2,2,6,6-tetramethylpiperidine 1-oxyl). 20 Besides, the photo-excited state properties of fullerene-nitroxide (FN) have been extensively investigated by Corvaja and coworkers. 17, [21] [22] [23] Scheme 1B illustrates a simplified electronic-state diagram of photo-excited FN. 22 The C 60 and nitroxide moieties of FN can be considered as two separate electronic entities with electronic excitation localized on the fullerene. The ground state is a doublet (S = 1/2) and denoted as D S0 , where the subscript indicates the electronic excitation on C 60 . Immediately after photoexcitation of C 60 to its first excited singlet state S 1 , the total electronic state is D S1 . Intersystem crossing into the 3 C 60 and exchange coupling of this S = 1 state with the radical S = 1/2 state lead to an excited D T1 doublet and a Q T1 quartet state. The exchange interaction was determined to be positive and places D T1 at a higher energy with respect to Q T1 . 22 In this paper, we report continuous wave (CW) transient EPR, pulsed EPR and DNP using FN and its derivatives (FN-1a and FN-2a) under light illumination. We show that increasing the size of the polarizing agent has a systematic effect on spin dynamics. Furthermore, we report our first observation of solution DNP by pumping fullerene nitroxide derivatives with CW laser excitation. The results provide a frame to optimize the performance of polarizers for ODNP and pave the way for more systematic investigations.
Experimental methods

Sample preparation
The synthesis of fullerene-nitroxide (FN) derivatives was described in our previous report. 18 To prepare the sample for EPR and DNP studies, a desired amount of a particular FN derivative was dissolved in toluene (99.9%, ACS grade, Merck KGaA, Germany) and loaded to either a 1.6 mm O.D. (1.1 mm I.D., volume 10 ml) or a 4 mm O.D. (3 mm I.D., volume 20 ml) quartz tube. Oxygen was removed by five freeze-pump-thaw cycles. The final pressure in the tube was approximately 1 Â 10 À5 mbar. The tube was then sealed. During sealing the sample was kept frozen in liquid nitrogen. The sample concentration was determined by double-integration of the X-band CW EPR spectrum and by comparing the integrated intensity with a series of samples with known spin concentration.
CW transient and pulse EPR at the X-band with laser excitation
CW transient EPR was conducted using a Bruker ElexSys E500 CW/transient EPR spectrometer equipped with a Bruker FlexLine dielectric microwave resonator (EN 4118X-MD4). The resonator holds a rectangular (10 Â 3 mm) window, containing a wire grid (0.1 mm wire width, 0.5 mm spacing between wires), which allows for optical illumination of the samples. A LeCroy oscilloscope (WaveJet 354, 500 MHz) and a Philips pulse generator (PM 5786) were used to synchronize the EPR signal detection with laser pulse excitation. Nitrogen gas flow was purged into the cavity during measurements.
Pulsed EPR experiments were performed using a commercial Bruker ElexSys E580 spectrometer equipped with a 1 KW TWT MW amplifier (Applied Systems Engineering) and an EN4118X-MD4 Bruker resonator. For FID detection the resonator was overcoupled and the length of a p/2 microwave pulse was approximately 20 ns.
Photoexcitation was performed using a Nd:YAG pulsed laser (Surelitet SLI-20 Continuum, 20 Hz repetition rate). The FWHM of a laser pulse is specified to be around 6 ns. After a 124 ms Q-switch delay, the average laser power at 532 nm is around 80 mW (E4 mJ per pulse), which was measured using a thermopile power meter (LabMaxt-TO, Coherent).
X band (0.34 T) DNP and 14 MHz 1 H-NMR signal detection
Samples were inserted into a Bruker X-band ENDOR resonator (EN 4118X-MD4) and the magnetic field was supplied using a Bruker EleXsys E500 spectrometer. 1 H-NMR signals were measured using a Bruker AVANCE III spectrometer. A matching circuit was connected to the ENDOR resonator to tune the NMR circuit at a 1 H resonance around 14.6 MHz. Nitrogen gas was purged into the resonator to prevent sample overheating. A 445 nm laser (Laserworld BLUE-4500/445) was used as a CW laser illumination source. A mechanical shutter (SH05 and controller SC10, Thorlab) was controlled using a delay generator to set a suitable illumination time. The Bruker AVANCE console was employed to trigger the delay generator, the timing of the radio frequency (RF) pulse and NMR-FID detection. The length of the RF pulse was set to 3 ms. Signal intensities were defined as the magnitudes calculated from the real and imaginary signal components. The delay time between each scan was set to about 2 minutes to avoid sample overheating. The uncertainty of the enhancement is about 10% and was determined by measuring on three different samples with the same concentration.
Results and discussion
CW-transient and pulse EPR of photoexcited FNs
To examine the capability of the FNs to act as a polarizer for liquid DNP, we first examined the polarization of nitroxide Scheme 1 (A) Scheme of the FN (n = 0) structure and its derivatives FN-1a and FN-2a (n = 1, 2) with different numbers of adducts (R). (B) Simplified energy level scheme and transitions of FN after laser excitation according to Corvaja & coworkers. 22 radicals in their photoexcited states. Fig. 1 illustrates representative spin polarized CW-transient EPR spectra (X-band/ 0.34 Tesla) of FN in solution at room temperature as compared to its derivative FN-2a after pulse irradiation with a 532 nm Nd:YAG laser. Consistent with ref. 17 and 21, for FN we observe signatures of a polarized nitroxide radical S = 1/2 corresponding to the D S0 state and of the photo-excited Q T1 state. 17, 21, 23, 24 These two components can be distinguished according to their g-factors and nitroxide hyperfine splittings and are also observed here in FN-1a and FN-2a ( Fig. 1 and Fig. S1 , ESI †), albeit with different time evolutions of polarization profiles. The g-factor and hyperfine splitting of Q T1 , g QT and A QT , are g QT = 1/3g R + 2/3g T and A QT = 1/3A R , where g R = 2.006 and A R = 15.35 G are the isotropic g-factor and the hyperfine splitting of the nitroxide radical, and g T = 2.0014 is the isotropic g-factor of the C 60 triplet state. 25, 26 The solution-state EPR resonance of 3 C 60 is displayed in Fig. S2 (ESI †) for comparison.
The time evolution of the CW transient EPR signals of D S0 and Q T1 at selected magnetic field positions is displayed in Fig. 2A . As the concentration of the nitroxide radicals remains constant during the experiment, it is clear from Fig. 2A that light illumination drives the ground state D S0 nitroxide polarization (P p hS Z i) of the FNs away from thermal equilibrium. However, to our knowledge, all studies performed using CW transient EPR spectroscopy did not report a direct determination of this transient polarization. The reason for this is that this method detects only changes in signal intensities and is blind toward time-independent signals. 27 To obtain more quantitative information, we repeated the experiment as shown in Fig. 2A using pulsed EPR, which allows for a direct comparison of a polarized signal with a reference Boltzmann signal ( Fig. 2B) . Moreover, the analysis of transient pulsed EPR signals is more straightforward as detection is accomplished in the absence of MW irradiation. Fig. 2B displays the FID-detected time evolution of the nitroxide low-field hyperfine line in the D S0 state as compared to the initial Boltzmann signal (t o 0 and transients without a laser pulse). In all compounds, the time evolution of the polarization is very similar to that observed in CW transient EPR ( Fig. 2A ) and consists of three components:
(1) a fast initial emission, (2) signal inversion emission-toabsorption and (3) a decay. According to the analysis of ref. 21 , these changes of radical polarization in the D S0 state are due to the so-called reversed-quartet mechanism RQM, a process by which reverse intersystem crossing between Q T1 and D T1 is fully competitive with the decay of these states to the ground state D S0 and to spin lattice relaxation back to a Boltzmann distribution (see also Section Kinetics and radical polarization). The data in Fig. 2B show that at the time point of the maximal, absorptive FID signal the nitroxide FID reaches an intensity (I max ) of about 4-fold (FN and FN-1a ) to 3-fold (FN-2a) the Boltzmann equilibrium value (I 0 ). The detected signal is proportional to the sample magnetization M = cÁP, where c is the spin concentration and P is the polarization defined here as magnetization per unit volume and spin. P is in turn proportional to hS Z i and thus to the difference in population of the detected transition. 28 If all molecules were photo-excited (excitation efficiency a = 1), the maximal transient polarization P max from Fig. 2B would be 4ÁP 0 (for FN and FN-1a) and 3ÁP 0 for FN-2a, where P 0 is the Boltzmann equilibrium value. However, the excitation efficiency is usually much less than 1 and the detected signal results to:
Therefore, an estimate of P max /P 0 requires knowledge of a, which depends on the optical extinction coefficient as well as on the illumination setup. a is defined as the ratio between the number of excited molecules (N exc ) and the total number of molecules (N 0 ). In the literature a is usually estimated theoretically, but in practice the uncertainty due to laser power losses might be quite large, particularly if the sample resides in an EPR cavity. To estimate a for FN we used calibration with the EPR signal of 3 C 60 as a reference.
Estimate of FN polarization using 3 C 60
We know from previous studies that the transient 3 C 60 signal in solution is proportional to its thermal equilibrium polarization ( Fig. S4 , ESI †). 12, 29 Thus a( 3 C 60 ) can be determined by comparing the FID intensity of the 3 C 60 triplet state signal in solution with a reference signal, for instance here 4-oxo-TEMPO-d 16 -15 N. 3 
Here I det (NO) and I det ( 3 C 60 ) are the detected transient FID signals after a p/2 mw pulse and the detection dead time. T 2,NO and T 2; 3 C 60 are the spin-spin relaxation times of 15 N nitroxide and 3 C 60 , respectively. The factor 1/2 takes into account that only one of the two 15 N nitroxide hyperfine lines is detected. P 0 is defined here as the equilibrium magnetization per unit volume and spin: 12
where S is the spin quantum number, h and g are the Planck constant and the gyromagnetic ratio respectively, k and T are the Boltzmann constant and temperature (we note the slightly different definition of P with respect to the DNP literature, in which 'polarization' refers to population differences and not to magnetization). Using eqn (4) the equilibrium polarization of a spin system with S = 1 is equal to 8/3 of the equilibrium polarization in a spin system with S = 1/2. Inserting this relation into eqn (3), the excitation efficiency for 3 C 60 results to:
For this purpose, a calibration curve of the 15 N nitroxide FID signal (recorded at the low-field EPR line) was measured, and a( 3 C 60 ) was extracted from eqn (5) for different concentrations of C 60 , as shown in Tables S3 and S4 (ESI †). We obtain a( 3 C 60 ) on the order of 0.05-0.1, depending on the considered sample concentration. For comparison, the calculated value while taking into account our laser parameters (laser pulse length and energy, beam spot area, absorption cross section and quantum yield of 3 C 60 ) amounts to E0.15 (see SI3, ESI †). Obviously, the latter value does not include losses through the optical path.
Finally, the excitation efficiency of FN can be estimated by a comparison to a( 3 C 60 ) under the same experimental conditions (according to eqn (1) of SI3, ESI †):
where e is the respective extinction coefficient. From a previous report, the quantum yield of the FN excited triplet state Y(FN) is 0.93. 31 The corresponding extinction coefficients at 532 nm are obtained from Tables S1 and S2 (ESI †) (e 532 (FN) = 1200 M À1 cm À1 and e 532 (C 60 ) = 900 M À1 cm À1 ). If we use a( 3 C 60 ) E 0.05-0.1 from Table S3 (ESI †), a(FN) is in the range of 0.06-0.12. Using the ratio of the FID signals I max /I 0 in eqn (2) we arrive to a maximal, positive photo-induced radical polarization for FN of P max / P 0 E 30. The spread of values accounting for the concentration effects and errors is at least AE 30%. Unfortunately, we cannot carry out the same estimate for FN-1a and FN-2a as we lack direct information on their triplet quantum yields. Literature values for bis-adducts indicate a decrease in quantum yield up to a factor of two; 31 however the extinction coefficients of FN-1a and FN-2a increase (Table S2 , ESI †). Therefore P max /P 0 in the FN derivatives should also be one order of magnitude over Boltzmann equilibrium. This enhanced radical polarization can be used to induce DNP in liquids under steady-state continuous illumination, as we will show in the following.
Kinetics of radical polarization
From the transient signals in Fig. 2 we note that the molecular size has an effect on kinetics. The build-up of the Q T1 and D S0 EPR signals and their decay become systematically slower from FN to FN-2a. We expect that the lifetime of radical polarization has an impact on steady-state polarization required for DNP; therefore we examined the polarization decays in more detail.
The kinetics for the formation and decay of the spin-polarized states Q T1 and D S0 is a complex mix of population changes between the spin-sublevels due to exchange coupling of the D T1 and Q T1 states and due to spin lattice relaxation. Corvaja et al. treated this problem using a rate equation approach including kinetic terms connecting the spin sublevels of D T1 , D Q1 and D S0 . This model leads to a complex series of equations with rate constant that are not readily accessible. A later work by Wasielewski et al. 32 corroborated a semi-quantitative description of the RQM kinetics. Within this model the initial fast emissive polarization of Q T1 arises from a fast spin selective decay of D T1 |(À1/2)i to the Q T1 |(3/2)i spin state, as these two levels have the smallest energy gap (Scheme 1). Optical data indicated that the decay of Q T1 matches the emissive built up of D S0 . 32 A subsequent RQM mechanism leads to a slower polarization inversion (emission-to-absorption) and slower decays to Boltzmann equilibrium. As the initial signal emission is fast as compared to the time scale of our experiments, we considered only the kinetics of polarization inversion and decay. For comparison, we fitted the kinetics of the pulsed and the CW transient EPR signals. We note that the CW transient EPR spectra ( Fig. 2A) , which were measured at low MW power (here o 1 /2p E 0.2 MHz) and in on-resonance EPR fields, are proportional to the difference in the populations of the detected transitions, as illustrated by Corvaja et al. 17 The curves in Fig. 2 were fitted using a simple bi-exponential function, which reproduces the effective kinetics of the population difference in the D S0 S = 1/2 spin state (we recall that the radical concentration is constant). The fits are displayed in Fig. 2 superimposed to the data. The rates obtained from both FID and CW transient EPR were quite similar, and are plotted in Fig. 3 . As a major result we found that the time constants for the radical polarization decay t D S0 ,decay are consistent -within the error -with the radical T 1e measured by saturation recovery ELDOR. 18 Deviations might be due to small differences in temperature or concentrations due to different experimental conditions. The observation of a T 1e -limited polarization lifetime of D S0 is consistent with the fact that the polarization of the excited Q T1 state decays faster and rather matches the D S0 build up constant ( Fig. 2A ), supporting the RQM mechanism proposed by Corvaja et al. 22 We note that the present data on FN-1a and FN-2a illustrate this trend even more clearly than those on FN because of the slower kinetics. Overall, the decay time constant t D S0 ,decay of radical polarization increases with the size of the molecule, according to an increasing rotational correlation time t c and T 1e . 18 Optically-driven DNP Finally, we examined whether the photo-induced polarization of the nitroxide radical can be transferred to the protons of the toluene solvent using steady-state illumination with a 3 W CW laser at 445 nm. For this purpose, the 1 H-NMR signals of toluene at different concentrations of FN derivatives with/without illumination were measured. expected behaviour from the Overhauser mechanism eqn (1) and are correlated with the polarization profiles shown in Fig. 2 . The observed DNP enhancements of toluene are positive, in contrast to the common expectation from dipolar relaxation with a positive coupling factor. Indeed, according to Fig. 2 , the long-lived positive radical polarization P exc 4 P 0 gives rise to a negative DNP saturation factor s eff = (S 0 À hS Z i)/S 0 . Thus, the resulting sign of the enhancement in eqn (1) must be positive. We also observe a pronounced concentration dependence, with an optimal concentration around 1.5 mM, likely due to deactivation of the excited states at concentrations Z1 mM. 29 We note that we do not observe a DNP enhancement with FN.
The build-up curve of the DNP enhancements is shown in Fig. 5 .
Importantly, it follows expected kinetics according to T 1n that is on the time scale of seconds. 33 Our DNP results appear to be consistent with the previous report of a photo-induced 1 H-NMR DNP signal up to À4 of water in a mixture of Rose-Bengal and TEMPO. 16 As compared to our enhancements, the reported larger negative enhancement is consistent with the completely emissive (negative) transient polarization of TEMPO mixed with Rose-Bengal. 13 The occurrence of emission and absorption in the traces of FN-1a and FN-2a (Fig. 2) might attenuate the steady-state total polarization and seems to be a disadvantage. Moreover, the photo-excited polarization of Rose-Bengal was estimated to be P max /P 0 E À150, 13 which is one order of magnitude larger than our estimate for the FN derivatives. On the other hand, Rose-Bengal is unstable under light excitation and the experiments in ref. 16 were performed under flow-conditions, 16 whereas we observed no degradation of the polarizers over several cycles. Another interesting observation is the absence of photo-induced DNP with FN ( Fig. 4) , which -at this stagecan be only rationalized by a shorter lifetime of photo-induced radical polarization ( Fig. 3 ).
Conclusions
All these considerations and the comparison with the Rose-Bengal/nitroxide system shed light on some key parameters to optimize optically-driven liquid DNP. These are the excitation efficiency of the dye, the photo-excited polarization of the radical, its time evolution and lifetime. The stability of the dye is also a critical aspect. It might be possible to improve the performance of the polarizers through rational molecular design; however, the complexity of the whole mechanism still demands an experimental approach based on systematic dye-polarizer screening. The successful optically-driven DNP experiments suggest that this method could potentially become an attractive way to enhance NMR in a liquid state. 
